Control Center
Technology
Conference

June 18-20, 1991

Advanced Technologies
for
Mission Control Centers

o\ Technology
Division
520

" :.‘ Data Systems

505

Greenbelt, Maryland 20771

Code 522.3

DIvision

NASA/ Goddard Space Flight Center

Chief, Data Systems Technology
Code 520

Greenbelt, Maryland 20771

John T. Dalton

PRECEDING PAGE BLANK NOT FILMED



¢ opiIs

990d-110D *
'NVOS -
spag 1sal “III

| swalsAs Anjawaja] |SA aouewopdd YbiH «

‘sjuawuodiaug Buueauibug atemyos paseg-abpajmoud «
(Nas3) Abojopoyisii *|aAsQ ST -
(vvsuen) sisAjeuy yeldsaoeds 1o} “JiAug "[aAag ST -
(Hv319) S3 uone|osl }jnej awi-jeay -

swalsAg padx3y -

(SWD) wawdojanap alemyos pajualio-}109iqo »

(+3v1) wawdojanap adepalul aujyoew/uBWng .

D4SH 1e suoy3 Abojouydsa] waliny |

spaaN AbBojouydsa] |
S19)U8) [0U0D
torssin 02S
10} e C@O uoISIAIG @
seiBfojouyoa ﬁ '/ ABojouydal oot
pasueApy SWAISAS eleq U3

506



€ opls

ABojouyoa} uojjewone
pue siooe} uewny BuiA|dde Aq ssauannoays Jojesado aziwixep »

suoljelado Yesoaoeds pue a2ualds uoissiw jo ANjiqixal anoiduwj «
suoissiw ajdinw oddns AjaA1j09))9-1S09 0] Sa.njddliYdle SpIAoId «
("o10 ‘S0O3 ‘4SS) sejea ejep Jaybiy woddng -

$19]U39 |0J1U09 JO S}S09 suofelado pue Jusawdojarap aonpay

S18)ua) |04}uU0)
UOISSIN 0zs ‘Saoz
10} uois|AIg Q
so|fojouyoay S cmmz >m° _ ou F— 0@-—- Bo_o»_coﬁ NQ
sweisAs eleq

pasueApy %3

507



¥ eplIs

Bunnpayos » Buiuuelq peainqrisiqa

swajsAg pedxy ,
Buinpayos @ Gujuueld ,

juswebeuey puewwo)

M/S 4/l dulyoep/uen
swalsAs Aijow9|a)
paseq-iSIA

Buynpayss » buiuueld

suonesadQ uawnisuj

SWw9sAg uadxy , swaalsAg yadx3y,

au3g Bug pm/s s|qesney ,

* M/S d/1 duiyoep/ueny ,
swalsAs Anawela)

* paseq-iSTA .

¥

Buiinpayog » Sujuueld ,

suonesadO uuoneid

swasAg Alewalo)
paseq-|STA »
swalsAg yadx3y ,
Buiinpayos 3 Buiuueld ,

suoneJadQ ¥I0MION
punoit/aoeds

Si9)ua) joHIU0)
UuoISSIN
10}
salfojouydsa]
pasueapy

maindnQ ABojouyoa)

0cs

UoISIAIQ @
ABojouyoal \ Q 4 o

swaisAs eleg \O%

508



S apis

suolesyiom aiydeuah ssosoe suonedijdde jo Aljigeriod ajelijioe «
wa)sAs auljaseq o} adAjo10.d pides wody aAjoAT »

sadeualul 1asn
|041U0D 0] S3JIAI3S awnunl Yyum swelbouad uonesijdde apinold »

m/s uonedijdde ayl Huilosyje Jnoylm sjuaswala adealul
lasn ay} Ajipow Ajaaioelaiul oy Ayjiqeded apiaoid -

sanbiuyo9) uone|ndiuew 10a41p Buisn sAejdsip
aoei9jul Josn paseq-X ubisap oy A)jiqeded ay) apinodd «

uonesijdde ay} wodj adepalul Jasn ay) aesedas -
TSOANDJIq0O

waysAs juawabeuew pue jJuswdojaaap adelalul Jesn ajqelod

SI91Ud7) |04}U0D

vorssn (+3vL) snid uswuoiiaug | =, LD

sosoues | suolEolddy Sjqenodsuely | s (L, /

paoueApY

509



9 8pls :

B
JUBLILOIIAUT 8Ll UNK o
o nlLISISAS MOPUIM X [

T WdON IS0 |  uojEIsom
Y —
Ee
uoleolddy

92.1N0Say

9l 4 »

esousb apoa .

sJoesedo

youagyiom

1uaubiseq aoe8)U|

SNid 4Vl

sSi9lua) [oLjuoH
:QMMM_E :owmu_w_o g
seibojouydey m.__‘..“_.nvmu._ SO.—< @.—Ngtom m.m<.._.. ABojouysay Q\ -
paoueApy | SWBIsAS eleq ¥

510



L 9pys

...\... 0 wy

N
® BG
s10)e10Y

“BUI} Y05 AN} S) SHY).

*3UM} pump 3y S} SHLL

“BUY pU0IaS L SI addH

DU AjIo -peas m Aepdsip 0} ) sy oy St SIyL

(%3} :a24n0S yxay) Aejdsiq yxal

(e2ayduymed()
aoedsyJon X

‘Teuondo e SIC[OIDS
ndun A UTLGEUOD Ued NoL
apdgmua sydanoe syl sy

1P Aur]-umniy

(ougy-pmu

sques) | 68/95pE2T]uthoy| |

2vL 10y Bupieo INOLLNWD _

eqe1

:Xiobiejed Ixel

uonewsojuyAnug esn —»

A

uaAlig-eledq _ I

{sopng) oe2g
numm

dDim @ SEOM O

&L DENM O DEVM O
swoung ofpvy
ot A
oy
x -
Nua{ Asc—u T ﬁ-aﬁu 3‘0 :U D

(s,oqq 3deaxs) sadil uorjejuassxd 1TV

:KAxobeje) uoljoeles

OLIsQ SOAAL UOREYUSS AL

S191Ud9) |0JU0)
uoISSIN
10}
salbojouydsa]
pajsueApy

swa}| 3v1 jo sajdwex3

0zs

uoisiag “\m
ABojouyoal Ao

SwalsAs eleg \O»

511



8 8plis

g9ze-2vs (vov) JINSOD Aq pawnguasip -
(s19sn YSYN 01 93.)) alemyjos uiewoq aljqnd s! +3v 1

'sjuawiuoliaug Bunndwoo
pue suoiesljdde Jualayip SSOIoR |93} PUB OO| UOWWOD B aAeY
eyl sin Yum siasn pua apiaoid o) Asea )i sayew +3v ] ..>o:3w_m:00

Hoye jo uoiedndnp Azessadsauun Buipioae -sjaued aiiqua ‘uaaa 1o ‘s}oslqo
uolloeIalul paziwolsnd aleys pue asnal ued siaubisap IN .>:=nmm:0m

Ajisea saoepalul Jasn pajeansiydos ajeald
o0l ssowwelboid-uou smojje youagy4om +3v.L 9yl -3S JO ase]

W uolieaiidde ay) 0} Aiessasau sabueys ou
| 10 31| YHM YouagyIoM BIA apew aq ued safiueyd In ->“___n_xm_u_

suojesijdde pue sasepuajul
19sn ajqeijal atow sapiaold Jusawdojaaap |n 9Ad] 18ybIH .3_ jiqel|ay

sjuawuodiaud Bunndwod yuasayip Auew usamieq
aoeyiaul Jasn e Lod Ajised 0} 9jqissod | sayew +3v 1 .>u___nmton_

s1s09 Juawdojaaap saonpal osje }I ‘sjuawanoidun Ayiananposd sy
Jo 8snedaq pue ‘a9} [eujwou e 1o} 3|qejieAe si +3v1 -sBulaes 109

(apoo X wouj pajeinsui st Jjasn) awl) ssa| Ajjenueisqns ui
}Ing aq ued sadeualul Jasn jeaiydesb pajeonsiydos .>=>=o_..vo‘_n_

SJ9jua) |041U0)
uoISsIn 0zsS

mm_mo_h%..__:ow._. m—a_ﬂ m<.._| h.o m”_._wu_.wr_wm aﬂ._v._whnﬁh

(=

pasueApy swalsAs eleg \IU»

512



6 oplIs

TIN AT X

RTINS SELEN Y
T
Moty 08,08y 0t ntyetyniyety

-
.

+ 08 sinoy
juawrdopaaa(g

»
]
»
\

MY

]
'Y

“U29I9s 91} U0 198pIM 1x93 € Surpepdn se [jom se ‘Tjurad JH ue 03
UOTJRULIOJUT Y} SPUAS JI ‘uay ], *pndur 3x9) pue ‘SUOII UOI}IB ‘suoyng
orpex ysnoayj uorjeuLioyur sxoyjes yorgm Lmn Adod usaaos y

$19}Ud) |01}U0D

seiBolouyos). yiewyouag JudWdo|dAdd | mavuse (ol

pPooUBApPY swaisAs elea \J

513



0} @pis.

suoissiw XJNS a4nin} 1o} sjuauodwod ajqesnal jab.e; -
++9) -
sanbiuyosa) Buiwwelboid pue ubisap pajuslio-193[qo

ssa20.d ubisap ay) ul 1dsn-pua ayj dA|OAUI -
sjuawaiinbai aulap o} buidAyojoud pides azijin -
+3V1 -
uonjesado Ajjduwis o) solydedb asn -

saoeualul Jaindwos/uewny Jo si0joe) uewny

Soyoeoiddy g saIbojouydaL

" (X3dINVS) uoissiw
(X3INS) 10401dxT-jjews 1841} 3y} 10} (SIND) walsAs Juswasbeuew

puewwod e 0} uoijejuawajdwi pue ubisap pajusaiio-193iqo
anissalfoud pue saibojouyosa)l aoepiajul-iasn pasueape Ajddy

9AdRIq0

$18)ud) |04JU0)

worssn (SIND) wLlsAs oD
seiBojouyoe) juswiabeuep puewWWO?)) | oo (e

paoueApY SwalsAg eleg \U®

514



Zl epls

apoa poob [enba Jou saop apod pajuaLio-123iqo -

S8sSE[0 PajusLIo-}08lqo ‘[Biauab ubisep o} usXe} 8q Jsnuw 8Jed -
Aupigesnai ui }nsas Af1oa.ip 1ou saop fuiwwesbold pajusio-103iqo -

‘Ppoulea | SUOSSo |

walsAs ay) jo uonesado ayy saylduis -
saibojouyoa} aoeLia)ul-1as

SUOISSIW 34NN} 10} sjuauodwod aiemyos Jo asn-al ay) sajell|loed -
papualxa/paljipow pue pajeibalul Ajisea aiow si 31eMyos -

sjuawanoidwi ubisap » uolezjuebilo iemyos -
juswdojanap pajualio-129lqo

.Slijausg
SJ9juad) |04IU0)D
UOISSIN 0zs
10} | uoisiAlg @
saifojouydsal wEO ABojouysal \ Qf .
sSwRIsSAg eled W

pesueApy

515



€1 opls

Amm__: a4l '@ elep J0}luow 0} SaNUIIUOI WalsAs Ladxa)
uoljeuejdxa one)s -
sisixa wajqo4d ay} Aym uo uoieuejdxa apinoid .

ajenndosdde J1 spoyjaw aaneussyje apinoad -
(s)wajqo.d 1991109 0} Aem }saq uo 9JIApe 3pINOI( *

swiajqo.d Yulj uoedIUNWWO? °Z
salouedaloasip uonelnbiyuod -
swa|qotd Jo sadA) 7 -
Aljeonuo/esuenoduwi Jo 18plo Ul yued -
salouedalosip / swajqold Aue He| -

AIo0Midu D00d-3900
9y} Jo sjuawa|d jo snieys |euonjelrado Aejdsip Ajjeaiydeur) «

slajaweled souew.opad
walsAs punoib ® SSHAL ‘909 JueAajal Joyuow A|SnonuUuoy) »

goeoaddy

suoljelado J9juad |04ju0d Hoddns 0} swalsAs Hadxa uollejosi-}jne}
awl-jead e jo Ajljeuonouny pue Aljiqisea) ay} ajedisuowaq «
HETIERE]CTe)

TS CLENR) s
1o} 921N0S9Yy 9JuUR]SISSY uoising

sojbojouydsa) KBojouydsa

peoueApy Hadxg }UIT SUOHBIIUNWLIOY) [sweisis eiea d

516



¥1 opls

0001 ALV 10} JV 2n3Juoddy <==
0001 ALVYD 01 D/S purwIwO)) <==
0001 10 (VS) 000TdS JWDD PUag <== punoy sSep] ereq dnels

P10 [nUN puBeWwo) LON od Butpeadaq yiBuang reudis H/s
0001 SiA SZI=HLVIITX J/S 0001 S'A STI=ALVHDIX J/S]

P61 LT SURqoId

01I-LTV NeH
PUH-10D Sd 199y
LTV 90IApY ureidxy
14-LTV 93ed TOLS M31A
€4-LTV, 3lqe] 3yuo)

AJPPWRI,

£0-07-LL
LIAD

SI31UaP |04IU0D

:oh_wm_s_ 02s g
ma_mo_o_ﬂ:oa._. Qomtmﬂc_ ‘_Qm: m<mﬂ_0 Sﬁﬁﬂnﬁp Q,\ "

pasuBApPY SWRlsAS eleg \JP

517



Gl epls

s)o9load

swalsAs yadxa aininy o} paljdde Bulaq si 109loid siy} jo Jajsuedy
ABojouyoa) pue Juawdojanap ‘ubisap ayj bulnp pauJes] sUOSSaT -

uoissiw (JAN3T) 1240]dx3 19]0IA-RI} N dwax] 9yl Aq paisanbay -

pajebiysaaul Bulaq suonuaixa Jayunj -
abieyo-jo0-ajels Alayeq ayl Jo01iuow 0} papualxa -
uoissiw (OHH) A1ojealasqQ Aey ewwex) Aq 9sn 10} palJIPON -

104 3909 8y} jo siaquiawl |je Aq Ajjualsisuod pazjin jou -
swajqo.d Jo sa109s Bul}0a4109 Ul pajsISSe pue paljuap! -
68, J2qWaAON Ul 3602 Jo yaune| aduis 104 3909 Bulnoddng -

S19Judn) |04JU0D
UOISSIN
1o}
sa|bojouyda]
paoueApy

V370 U0 Ojuj MmN
pue snjels juaiing

0zZs
uojs|AIg
ABojouyda)
SWIRISAS rIRQ

SQTON

“ %
Nl
.‘

518



gl opls
92.nos ejep ay} o} ssaooad uoneibajul ay) sjewnsalapun juoq —

sJasn Aq pajsonbal aq [|IM SUOISUS]IXD -
yeioeoeds ayj Jo sonsualoeieyd [euojjeiado ay} Jo saouelien
pajoadxaun Joj }snipe 0} paunj-aulj 8q 0} pasu Aew wajsAs ayj -
|euonelado sawooaq 1l Jalje walsAs adxe ayl Ayipow 0}y 10adxg —

$904N0Sal pue awi} 9|qelapISuod SpueWap S,S3 JO doueUBUIBY —

wajsAs ul asuaplyuod pue asuejdadoe t1esn sajowoid -

UOoI1EPI[EA pUB UOIJBII}II9A 8seqd|n Saje}i[Ioe) -

sJ0.41a pue awj} uoijejsueld) abpajmou) saanpad -
uawdojanap 3 ay} ul ajedioiued o} Ladxa ulewop ayl Mojly —

uonejussaidal s,uewiny ayj sjppow Aj8sojo ainjondis ,usyl-j, -
suonelado yesoaseds ul uonejosi-}jne} bunewoine 1o} abpajmou
ansunay sisAjeue ayj yuasasdal AjoAoaye sajnd uoilonpold —

ssa%0.d Bujwnsuoo-awi ‘aAnelayl ue si burissulbus abpajmouy —

$19JU37) [0J1U0)
UoISSIN

(2101 Bd) IO WOH | W A5
oo paulea suossaT suoishs eieq ‘“

pasueApyY

519



LL8pis
YvYSuap jo uoijiulap ay) pesuanjjui Ajbuo.iys
aney ‘sioyjo yum buoje ‘paulea| sUOSSsal asay |
"wnwiuiw e o} induj 13sn aonpay -
‘alelado 0) Asea walsAs ay) ajepy -

"paJojiuow Bulaq waisAs ay) ayesnsn||l
Allediydesb o) ‘sjenidosdde asaym ‘sAejdsip welbeip ¥o0|q asn -

'sanbiuyoa) siydesbiadAy pue 1xauadAy asq -
"Ajjuaisisuod pue Ajjuapnid si1o0jod asn -

"ddueudjuiew pue
uoneald weibelp asea 0} 10}1pa weibeip pajuslio-}103[qo ue asn -

(-adAj0104d 1511} 9Y)} U UBAS) BdeIBUI-1aSN [edlydelb e apnjoul -

"9oepi9jul-1asn ay} Jos|bau yuoq —

SI91U9) |041U0)
UoIssIN

(30 bd) yy31o woy | =, (>
seiBoloutoe, poUIBaT] SUOSSaT somien (L)

pasueApy

520



81 epiis

UOISUA]IX® pue asn-a4 aziwixew o} ubisap Jejnpouw e 10} 9ALIS

sjuawaJinba.i pue spaau Jeuonesado 119y} sassaippe Ajjoa4ip |00}
Bunnsal ey} ainsse o} Juawdojaaap Burinp siasn 1abie} apnjouj

Buliopuow 9/s Ul isisse 0} s,53 dnsoubeip ajdwis ulejuiew @
‘|aAap ued sisAjeue 9/s jeyy asn o} Asea Appualoiyns jooy e dojanaq

JUSWIUOIIAUS J31Ua9 [0IJU0D
ye1daseds ayl yum pajelbajul Apuasedsueds sijeyl oo} e dojanaq

aoeLIaUl SUolleaIUNWWOI / ele( -
aoeIalUl J3s) -

auibua adsualajy| -

saseq abpajmou) Jo suoiuod pue seseq abpajmou) -

:Buipnjoul ‘sjuauodwod S3 Jo asnai ay} Moddns 0} |00} e dojara(

$19]Ud9 |041U09D Yeioadeds 10} SS3 uolle|osi-1ine) Jo asnal pue
juawdojanap ay) poddns 01 yiomawely alauab pue joo} e dojanaQ -
goeoJddy

$19]Ud9 |041U09 Jeloadeds ay) ul asn 1o} sAejdsip aoejia)ul Jasn
pue sS3 Jo ssaoo.d Jusawdojanap ay) ajesdjedde pue Ajjdwig -

S19lud) |01JU0D

ot | (vwsusp)welsissy ishieuy | L, L2
selfojouys) JJeloadeds olIBURY oo N\

pasueApy swoisAs etea U

1809

521



61 8piIs

pualxa 10 Ajjpow 0} }NOYJIp —

uoljeoljdde walsAs Hadxa INO ul synsal -
(s10419 uolje|sues)) saoepAUl JO JaqUWINU —
(enisuadxag) ajdoad jo Jequinu -
Alxajdwod —

wi -

._wEEEmo.__' L

Jaindwon

pocir S e KR
a3
SR

uoneolddy , . 198ubug
walsAg uadxg m Bpajmouy
090d i | SN
oyoedg A (ou . | A
, it 1sAjeuy : - | i
yesoaoeds g »
SuoIssas uolsinbaoy L B
pue uoiesiiIap abpajmouy ol mwmwm..“nww_hou<
S19JU87) [0J1U0D
uoiss |
IS juswdojanaq walsAs padxg | =5, Ao
so|6ojouyo9 | , ABoouyoal \ of
oL 0] yoeoiddy |euoljuaAuo) |imee ssa.”-

522



0c epis

suoljesado Jo ajels ayl
Buioueape se ||am se juiod uojpasul ABojouyoas) e ajeal) -

sailjiqedes UoiejoSI-}INg) JUs)SISUoD sapiroid uojewolne -
abpajmouy uoie|osi-jjne} ,SpuswWwnoop, aseqajnd -
asiladxa Jo sso| Jsuiebe sjoa10id -

uonenyis olj1oads e ajpuey pjnom S3J 8y} Moy eal8sqo
ueo JsAjeue Juspnjs e ‘ejep ¥oeqAe|d Jo pajenwis buisn -
saljjiqeded uonejosi-}inej dojaasp ueo S8jnJ Jo UoRBWIO) -
|00} Buluiel) e se SOAI9S -

paonpo.jul ate sabueyo Jaye Aiessaosu builiduwoo-8.1 ou -
suoljeayipow Alessadau 0} asuodsal 1@)oInb smojjy -

senbiuyos] uonendiuew joa.ip buisn }jinq suoyeoijdde -
Aiessaosu buiwwesboid ou -
o pue awi) Juawdojanap saonpay -

Aljeoiyde.b paAe|dsip 8q ued jey) uoljewliojul
jaA8]-ybiy ojul Blep [8As|-moj buiuiquiod o suesw sapiroid -
Buriojiuow eyep Yyum syQd ayi sisissy -

S19JuUd) |ONU0D

coh_wm_s 025 g
setBolouuoey VVSuan Jo sjjauag ssorusos (o

pasueApy swaisks elea 7P

523



be |pus,

(pejesodiooul Buiaq Ajjuatund s1 ABojopoyiaw AR A a1o|dwod e)
ss920.d uonepijeA 3 uonesyld A ayl syoddns -

S9|ge]} UoISIoap Jo Salias e yum ssado.id yuswdojaaap ayy sapinb -
S}S1I JO UoIleaiUaP! 3Y} Ul sisisse -

sjuawalinbai walsAs Jo uolesyIIUapI Y} Ul Sisisse -
juawdojansp s a o yoeoiadde Aleuoinjors ayj ssjepowitiodde -

juswdojanap 1onpoud o} pasoddo se :o,_:m_zcom
abpajmouy uo sasnd0} WAST Jey} Ul [Spow S,WY30g WO} SIayIp -

"Juawdojanap asemyos 1o} jopow jelids s ,wysog Auleg "iq
wol paydope sem 1ey) ABojopoylow ,uaALp-}su, e st NaST
goeoiddy

swa)sAs paseq
abpajmouy jo yuswdojanap ayy ajenjioes o1 ABojopoylew e dojanaq

TOANdRIq0
SI9juad) jo5juoH |
UoISSIN (Wwas3)Abojopoylon G

sabooucer | Juowidojonag wiaysAg padxg mﬁmﬁ“woﬁ

posueApy

524



cc opls

mm%&O.ﬁbmn— ZGE.MQ HZITVINIOA
{

LATdW0D

v@\\\\ ATIVNOLLONNA
Iy o

4y  SNOLLONNA
"TVHIATS SHATOS

g QALVTVAYL IS
A&O&
(4 Lsngod
@y
\\\M‘

NOILONNA AT

ANO SAATOS ~Slyq

/ / ALITIAISVISF— A
3 Ol LrgisnaLxa) —
os® :uﬁmmmy.g\.\

A
. 3 a1a
)@%
> NOLLONAOud

(3OV.LS HOVH 40D VNOLLVYAdO

SdALS «

GISI TIVYIAO DNISYTEOAA 40 NOLLOTIIA)

SADV.LS DNIdALOLOYd

SI3jua) |04U0D
UOISSIN

so1bojouydsa]
pasueApy

NAS3 Jo [SpoW [eaids

uoisiAlg ~
ABojouyoseL v

sweisAs eileg

525



€¢ oplis

m/s Alljenb jo Juswdojanap (awi} ‘}s09) aAI109Y0 92IN0SaY

sjo9loid mau 10§ sS300NS pue
asiliadxa Bulisauibua aiemyos ised jo uoneoldde pue uonualay

-Sjljauaq pajedionuy

s)}daouod suonelado asnaa
9y} aun} aul 0} suonesldde waysAs punoub ajdwes uo isa) pjai4

asn s]I adueyua 0} sanbjuysa) s10joe) uBWNY pue paseq
-abpajmouy sajesodiodul yoiym JuawiuoliAua asnal m/s e dojanaq

ulewop walsAs punoib
yeloaoeds ay} Ul asnad jo jerjuajod ||n} ayl ysijgelisa 1a11aq o}
sasA|eue ujewop aAIsuayaidwod Jo salias e Wioadd :yoeoiddy

"asnal ("913 ‘uoijejuawnoop ‘apod ‘suoiesiyioads ‘subisap “ar1)
joejile atemyos o} yoeoidde a19dwoo pue snosofhil e spuoddns
yolym juawuodiaua buiisauibue aszemyos e dojanaq :9An09Iq0

S131Ud) [04JU0)
UoISSIN
10}
saifojouydre)
padueApy

JUBWIUOIIAUT
Bunisauibug asemyos
paseg-abpajmou)y

02s

Uo[SIAlq 2
ABojouyoa A .

swaIsAs eleg U

526



v2 oplIS Sa.m30a11yoLy Wwajishs
PUNO.LY) JLDUDY) IJDIIUIN) PUD
swalsAg punouy) Jua.Lm) azApuy

s9injae)yoly
aoueladxg weisis
SNOIA8)d UO paseq punoiy sjieuen

yusudojaaeq
uopeoyoxds
8iem)os

punoss aseg abpajmou)
AoeBa

Sanss| pue
‘sajeuoney ‘syoapel] juswnooqg-

suoneuep Ajpuap|-

9Z||eJoudr) .
sjusuodwo) a|qesnay Ajjuap).
SWa)SAS punolx) azAjeuy .

SPO9N 2mIing 333N
0] $95S300Ng }sBJ SULIO[IBL

ISNIY IILM]JOS WIISAS

SJ9Ju3d’) |04JU0D

uoISSI 3359 yum 025
o} asnay aieMleS WIISAS | ioowse

saibojouydsal —
padoueApY SWeisAs eieq

SOTON

527



S¢ SPIJUBLLILOIIAUS SNQ UBdO UB Ul SJUsUOdWOD 81eMYO0S Je|npoLU YiIm way] |
buLinblyuoo pue sjusuodwos siempiey plepuels sjeldoidde buiiosjes Aq
pales.d 8q ued WajsAs Anaws|s} punolb ,oy1oads UoISSILW, }S09-MO| Y -

[ ..yoeoiddy jusuodwos jeuonound, ]
JUSWUOIIAUS a1eM}os awi)-jeal
padueApe ue yiim way) buneibajul pue sjusawaje aiempley
Buisseoo.id ajqesnai ‘ouauab jo Aseaqi e Buizijiin Aq swelsAs
ejep Aljawsja) Bunoniisuod 1o} yoeoidde sejnpow e Aojdwia «

sjuawa|d olvualk Jo Areiqi e a1eald 0} sjusuodwod (jansj-pieoq)
“leuonouny piepuels 1abie| olul HISY ISTA 19A3]-MO] 3say) ajedbajul «

(Buissaooud 19x0ed ‘youhs awelj *6-3) "souny [eoN1Id 9oueWLIOLAd
10} (SDISY) sHnauld pajelbajul oi1oads-uoljesljdde dojanap -

aouew.opuad jeuociyippe 10} papelbdn 10 paziwolsnd
Ajisea aq ued jey) sainioaliyale 3|qixa|} ajeald o} sjusuodwod
le|npow p.iepuejs ojuj Aljeuoilouny waisAs ejep uoniued .

:;qoeosddy

swajsAs ejep Aljawaja) s|qeljal
A1yb1y pue sjqeinbiyuod ‘1s09 moj ‘eouewtopad ybiy dojaasg

:3AN3IA0
SJ9JU3D 1041U0D
uorsIn swasAs Ajswaldl ISTA | &=, D

POduUBAPY swalsAs eleg T

selBoloutoe] aouewJoliad ybiH wsommins { o

528



9z opils
uonesHIoM Allowajalajqerodsuel]l MLI - (QV19eW) walSAS eleq Allswald] a]|qeuod 1S0) Mo
(d34N - X3dOL1) SwalsAs 10ss3901d pu3z Juodd WOOSVN X3dOlL
Anpmn uonesuNWWo) youIdyly Alquisssy jsuuey) Anjewoala) (NSQ) X10MIaN adeds desq
(3seq) Juawuoliaug WalsAs aseg (dD1d) 10sS800id puewwo) Ajawaldl pul-juold X3INS
(S@3an) swalsAs eleq (dDL4M) 10SS8201d puBwwo) Answae ) pu3-juoi4 sdojiem
10} JUBWIUOIIAUT Je|InpO (d34M) 10SS990.1d pu3-juoid sdojjem

(4INS) @oepalul WOISBN XIdWVS-XINS
mEm:anoo 9leM}yjos WSOA) Jaxajdpiniy Jal0S [duueyD [enUIA

WeISAS Yyoums xiiew
A&Nn_v 19]]04}u0) aoeu3U| XSIa RGra T e Eo~m>w Buissad0id 0197 |9AdT]
(dZ1) 10S$9204d Juswboeg Ao< 1V) puBWIWO) pue Aljewa|d] padueApy
(NSQ) 101819u8D UG
(NSQ) pie) adeusiu| SuAs sweid meum>w

(NSQ) p1ed 1910u0) |oquIAS 1OS
(DV19eN) pied 19ZIuoayduiks MLL
(Ov.LoeW) pied uowo|os-paay MLL
(OvLoeW) pied Jajlosuod M1L
pJe) 19Li0g jduuey) jJenuUiIA

pie) JaAoW eleq ojey ybiH

(syen) diyo leziuoiysuis awel4 AnjswajeL
(son)) diy) laziuoiysufs awelq A1jowaiaL
diyo edepelu| 111-103

poed (sven) diyd uojjesauan usened 1saL

anum%_ﬂ_.._ﬁwz_o a.wmw_mh_u (Sowo) diyo uoeIaURY UIENEd ISAL

p1BD 105592014 19%08d (SOWD) sdiy9 sej1043u0) Joyng ojduL

pie) aimde) eleq sd|yo woddns 0£0/020890W

ple9 UOWOj0S-Poasy J8jjonuo) Alows ss999y wopuey

pIED UONEINWIS ao_zow_a_;o 8poda( swil 9¢ - VSVN

: ; IyD 10S$390.1d 400|g WOISEN

Dot Toxodmn s (103) i 1018194100

(Syeon) pies 19ziuotyduis ald» wd (son?) sdyd loiejaa10d
(SOWD) PIeD Jeziuoiyouks A (soISy) sunadi) pajesbalu]
mEm:oa Wo, [9Ad1] pie) an1oadg uoneanddy ISTA

SJ19lud’) |041U0)

uoIsSI Aeiqiy , yoeoaddy ozs

o d s, (3
mawww_nu”_ww._. SIUBUOAWIOD |eUOIIdUNS,, [ oscers 35w

529



L opls

i

e dViIA ,
maaﬂ I 0661 S861 0861
L ﬁ
S)udUOduIod J1ISIP ‘ g W,
uo paseq Suissavord L1PWIPR i
~WIJSAS paseq JNdwo))-0IA
— 01
yudwrdinb3 jo syodes pue spaed ajdnnu
SuIuNSu0d SUIAISASANS UOIJRISIIUI (IS WINIPIJA]
— 001
— 000'T
EL3) UOTIRISANU] JO S[OAY]
\ IOYBTH A[oA15200NG 1Y
diyd e uo urIsAsqn WALSAS
M 1sasqns ONISSTOOUILINN — 00001
| JaLAYIILSIA 1SOD
[ AONVII oL Ad

S181ua) |04JU0)
Uo|SSIN
10}
soeibojouyoe]
paoueApy

swalsAg Answaja) uo
uoneibajuj jo 1oedw| ayl

UoIsiAIg s
ABojouydal \ Qf ,

swalsAs eleg O

530



8¢ 8piIs

Sd Ul S?|oy [|}} pue sslouepunpal sjeulul|y -

elep Buinpayss 0} ssadoe anosdw) -

sisanbai Buiinpayas ui Aljiqixayy 181ealb sonpoau) -

sajnpayos aonpoud o0} palinbal Lo}e uewny pue awi} 3dNP3Y -

Aouaioiy3 waisAs pu3z-o}-pu3l anroidwy -
peoj l1oddns 821A19s Jasn Buisealoul o9 -

suonesado Buinpayos Apdug -
uonoejsiies Jasn aroidwy -

spaau uoissiw 0} ssadsosd uonesauab sjnpayoss ubly -
sjuawalinbay uoissiy Ajnuap]

:35UednIubIS

s|oo} pue s}dadsuod Hunelisuowap
pue Buidfj0104d 10} paqisal ABojouyoa) Sd e dojanaq -

sjuawaJinbai uoissiw pue Jasn Auspi 0} SWaIsAs §d JUalnd [eAl :yorvosddy
sjuswalinbal aininy 10} “1IAUD }3S |00} SBd d8Uab e asodoid -

SONSS| 99eIa1Ul pue ainjoalydle walsAs ajebiisaau| -

(suonesado H/s ayl 0} 4asn aoUdIOS Yl wody d’l) ,
aAljoadsiad ,pus-0}-pud ue wol} sydaduod
suolnelado (Sed) Bulnpayos 3 Huiuueld ayenjeas pue Ajijusp|

:SOANDAIq0

S191Ud |0NUO0D

uorssy paqgisal Abojouyoa] EAGD

seiojouye) Buiinpayos B buluueld | foeuees (e

pasueApy swaisAs eleq U3

531



6¢ 9apis

1 paqisa] ABojouyosal S®d 1
13@35& n z<oml]v¢£ma 1 ozw

~€——SUOI}OUN UOISSI} =T S80IMBS YIOMIBN >

buypuey
eleq 8ousg

(3SoH) paqisa)

SIHIH/NVYOS SO3/NVOS Buiinpayds sHal

suoneladp
aousI0g

SWO "000dL ¢
sdQ uoIssIN

. 4

S
_zoom<z )

sdo Buinpayog |
HIOMIBN

000 SSHALV ‘1918
8|dwo) spues slym

SSVdHNS/NVIOS HHvd soiweuAq b4

Buiuueld aousiog B § Buluue|d uoissipy

yeloaoedg

% SHALY /SHAL

SI9)UdY |04jU0)

o SONIAIOY Bulinpayas e
saibojouyosa) uw m—h_::ﬂ_m QWQ«WOE ABojouysal

padueApy swolsAs eleq

532



0¢ opis

sjuawiiadxe ABojouyos}
paseq-7900d woddns 0} papaau s]00} jo alns e dojanaq

:;yoeoaddy

juawiuo.iAud [eaisAyd ajqeinbiyuod Ajpidey -

|04JUO0D WAISAS |9Ad-BISIN

uoljezijensiA asueuniouad awil-jeay

UOI1109]|09 ejep dduewiouad aAISNI}qO-UouU ‘aulll-jesy
asnaJ juawijadxa pue aiemyos -
uolnejnwis waisAs punoib pue yeldoaoeds padueApy -
swalsAs painquisiq -

:saibojouydd]

“IUBWUOIIAUD DD JISIjeal B Ul Seap] pue s}daouod ajelisuowiap
/a1ebsaaur ued Asy} yaiym Aq sueaw e siojebiseaul apirod -

Koeoiyyo s,ABojouyoay e
ysijqelsa Ajsnotob14 0} sjooy Buipinoad Aq sjuswuoliaua |euoljesado
0] YyoJdeasal wou} saifojouyaal Jo Jajsuel) ayl ajqeus |jim 110D 9yl

‘9ANd3Iq0

S191Ud) joNuUOD

o (LLOD) paqisal ABojouyoay | o= [o=n
soiBojouoey suolnelsadp punoiy ﬁ._a%ﬂ_a

533



L€ opls

, "JUBWUOIIAUS WalsAs punoib
_mcczﬁmno.co: Inq o_am,_,_m.& e U] s]00} pue sadAj0j0.d ‘sjdasuoo mau
JO uollenjeAa pue ‘uoljesisuowsap ‘Juawdojarap ay} Hoddns |Im 110D

sanljiqede)
uollenjeA3juawainseay

(1003
‘adAjol04d
‘ydesuoo peylen)
1oNpouid

B

i

seljiqede)
uonelIsuowaq

|oo] lo
‘edAj0j014
ydeouon

saljijiqede) uoneibaju|
Auswdoenaq sweisAg

SJ9)ua) |01U0)
uolssin
10}
soibojouyse]
padsueApy

paqisalese | 10D 9yl

0es
uoIsIAlg
ABojouyoe]
swiasAg eleg U3

534



ce oplis

uoljeltauab uodal pue sasAjeue ejeq -

ejep juawiiadxa jsed jo asnay -

uoljezijensiA pue buuojiuow awij-jeay -

yoeqhe|d pue uoi}o9|jod eleq -
uonenjeAy

[04]U0D WAlsAg/uone|nwIS -

siole|nwis

juswiuoliAud [eaisAyd onsijeay -
goijeJjsuowaqg

s|00} walsAs painquisig -

sjuauodwoo walsAs punodb ajgesnay -

S|00] 9SNdy -

uoijelauab pjing pue adepdu| .

Juaweabeuew uoneinbyuoy -
uswido@Aag

S19]Ud) |04IU0D

UoJSSIN 02S
10}

solbojouydsal S99 _>-— mm ._I—..o 0 >uﬁ..ﬂmhn_%o»

padueApy SWaSAS eleq

535



€g aplis

c61€-98¢-10€ SI00N SHIN - 900d-1109
8665-98¢-10€ S0 uale) -  "payds B ‘uueld .

1 288-982-10€ MSMONzSNnI] }eM -
sjuawuoldiaug Bupisauibug p\/S poseg abpajmou)] »

6206-982-1L0€ Asusayo wir -
swalsAg Aljawaja] |STA dduewouad YbIH »

536

600£-982-10¢ |INH AueT - Nas3 -
VYVSuay «
021£-982-10¢ seaybnH Jsied .ﬁ
Hv31o -
9/99-982-1L0E Spiemp3 aAsalg - SIND X3dINVS *
6098-982-10E INzozg IHe - +3VL *
Si91ua) J04U0D
UoISSIN 02s
mo_mo_hh_“_._oo 1 m__.ON__.r_OO >uﬁﬂn_=n_oaﬁ
peoueApy SwasAs eleq




The Generic Spacecraft Analyst Assistant (GenSAA):
A Tool for Automating Spacecraft Monitoring
with Expert Systems

Peter M. Hughes
NASA/Goddard Space Flight Center

Edward C. Luczak
Computer Sciences Corporation

Abstract

Flight Operations Analysts (FOAs) in the Payload Operations Control Center (POCC) are
responsible for monitoring a satellite’s health and safety. These analysts closely monitor real
time data looking for combinations of telemetry parameter values, trends, and other indications
that may signify a problem or failure. As satellites become more complex and data rates increase,
FOAs are quickly approaching a level of information saturation.

The FOAs in the spacecraft control center for the COBE (Cosmic Background Explorer) satellite
are currently using a fault-isolation expert system named the Communications Link Expert
Assistance Resource (CLEAR), to assist in isolating and correcting communications link faults.

Due to the success of CLEAR and several other systems in the control center domain, many other
monitoring and fault-isolation expert systems will likely be developed to support control center
operations during the early 1990s.

To facilitate the development of these systems, a project has been initiated to develop a
domain-specific tool, named the Generic Spacecraft Analyst Assistant (GenSAA). GenSAA will
enable spacecraft analysts to easily build simple real-time expert systems that perform spacecraft
monitoring and fault isolation functions. Expert systems built using GenSAA will assist
spacecraft analysts during real-time operations in spacecraft control centers.

This paper describes lessons learned during the development of several expert systems at
Goddard, thereby establishing the foundation of GenSAA’s objectives and offering insights on how
problems may be avoided in future projects. This will be followed by a description of the
capabilities, architecture, and usage of GenSAA along with a discussion of its application to
future NASA missions.

Originally Published in the Conference Proceedings from The 1991 Goddard Conference on Space Applications
of Antificial Intelligence, NASA Goddard Space Flight Center, Greenbelt, MD, May 14-15, 1991.

537



The Generic Spacecraft Analyst Assistant (GenSAA):
A Tool for Automating Spacecraft Monitoring
- with Expert Systems

Peter M. Hughes
NASA/Goddard Space Flight Center

Edward C. Luczak
Computer Sciences Corporation

Abstract

Flight Operations Analysts (FOAs) in the
Payload Operations Control Center (POCC) are
responsible for monitoring a satellite’s health
and safety. These analysts closely monitor real
time data looking for combinations of telemetry
parameter values, trends, and other indications
that may signify a problem or failure. As
satellites become more complex and data rates
increase, FOAs are quickly approaching a level
of information saturation.

The FOAs in the spacecraft control center for
the COBE (Cosmic Background Explorer)
satellite are currently using a fault-isolation
expert system named the Communications Link
Expert Assistance Resource (CLEAR), to assist
in isolating and correcting communications link
faults. Due to the success of CLEAR and several
other systems in the control center domain,
many other monitoring and fault-isolation
expert systems will likely be developed to
support control center operations during the
early 1990s.

To facilitate the development of these systems, a

project has been initiated to develop a

domain-specific tool, named the Generic Space-

craft Analyst Assistant (GenSAA). GenSAA will
enable spacecraft analysts to easily build simple

real-time expert systems that perform

spacecraft monitoring and fault isolation
functions. Expert systems built using GenSAA
will assist spacecraft analysts during real-time
operations in spacecraft control centers.

This paper describes lessons learned during the
development of several expert systems at
Goddard, thereby establishing the foundation of
GenSAA’s objectives and offering insights on

how problems may be avoided in future projects.
This will be followed by a description of the
capabilities, architecture, and usage of GenSAA
along with a discussion of its application to
future NASA missions.

Introduction

NASA's Earth-orbiting scientific satellites are
becoming increasingly sophisticated. They are
operated by highly trained personnel in the
mission’s Payload Operations Control Center
(POCC). Currently at the Goddard Space Flight
Center (GSFC), missions utilize either a
dedicated control center (e.g. LANDSAT and the
Hubble Space Telescope) or share resources in
the Multi-Satellite Operations Control Center
(e.g. Cosmic Background Explorer and the
Gamma Ray Observatory). In either case,
POCC personnel called Flight Operations
Analysts (FOAs), are responsible for the proper
command, control, health, and safety of the
satellite.

The satellite control centers operate roun,d,-,tbe-
clock throughout the lifetime of the spacecraft.
There are typically multiple real-time

“communications events daily with each

— establish and maintain the telecommunica-
tions link with the spacecraft,

— monitor the spacecraft’s health and safety,
— send commands or command loads to the
satellite for on-board execution,

— oversee the transfer of the scientific data
from the on-board tape recorders to ground
systems for processing and analysis, and

— manage spacecraft resources (including on-
board memory, batteries, and tape
recorders).
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To accomplish these activities, the analyst must
thoroughly understand the operation of the
spacecraft and ground systems and continuously
monitor the current state of operations as
indicated by telemetry parameters displayed on
the POCC consoles. During an event, the
analyst typically monitors hundreds of telemetry
parameter values on multiple display pages that
may be updating several times per second.
Monitoring the operation of these satellites is a
demanding, tedious task that requires
well-trained individuals who are quick-thinking
and composed under pressure.

As satellites become more complex, they become
more difficult to operate. FOAs are reaching a
level of information saturation as more and
more data must be monitored and analyzed
during real-time supports. Large volumes of
low-level information can overwhelm analysts
and disrupt their ability to identify and resolve
conflicting constraints. Human operators may
soon be unable to consistently monitor all of the
information available. The need to automate
some data monitoring functions is apparent.

Expert system technology is proving to be

effective in automating some spacecraft
monitoring functions. This paper first
summarizes CLEAR, the first spacecraft

monitoring expert system deployed at GSFC.
The paper then reviews several lessons learned
from CLEAR and other monitoring and fault
isolation expert system projects undertaken at
GSFC. Finally, the paper describes the Generic
Spacecraft Analyst Assistant (GenSAA), a tool
that will facilitate the development of future
spacecraft monitoring expert systems. GenSAA
has been defined based on the lessons learned
from CLEAR and other expert system projects at
GSFC.

Initial Work: The CLEAR System

The Communications Link Expert Assistance
Resource (CLEAR) is the first operational expert
system at GSFC that automates one of the
spacecraft analyst’s tasks (Hughes & Hull,
1987). CLEAR is a fault-isolation expert system
that supports real-time operations in the POCC
for the Cosmic Background Explorer (COBE)
mission. This system monitors the communica-
tions link between COBE and the Tracking and
Data Relay Satellite (TDRS), alerts the analyst
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to any problems, and offers advice on how to
correct them.

CLEAR is a forward chaining, rule-based system
that operates in the COBE POCC. It monitors
over 100 real-time performance parameters that
represent the condition and operation of the
spacecraft’s communications with the relay
satellite. Using this information, together with
knowledge of TDRS operations, COBE’s
on-board communications system and the
expected configuration of the scheduled event,
CLEAR accurately portrays the status of the
communications link.

Textual and graphical information about the
condition of the COBE/TDRS/ground
communications links 1is displayed in a
tiled-window format. A graphics window
displays the elements of the communications
network from the COBE Spacecraft to the
POCC; green lines represent healthy links
between elements. When the performance
parameters indicate that a communications link
or processing system is degrading or down, the
associated line or icon turns yellow or red,
respectively. The display enables analysts to
assess the current status of the communications
event in a quick glance.

When CLEAR isolates a problem, a short
description of the problem is displayed in a
“problems” window. If multiple problems are
found, the problem descriptions are ranked and
displayed in descending order of criticality.
CLEAR suggests analyst actions to correct the
problem; however, the system does not take any
corrective action itself.

To further assist the analyst and to provide
support for its advice, the CLEAR system
provides an explanation facility. When the
analyst selects a problem displayed in the
problems window, CLEAR provides a detailed
explanation of why the expert system believes
that the problem exists.

CLEAR has approximately 165 rules and
isolates approximately 75 different problems.
The types of problems include: non-reception of
data within the control center (system or
communication problems, or data reporting not
activated); misconfigurations between the COBE
POCC and the TDRS pground station



(coherency/non-coherency, doppler compensation
on/off, power mode, actual TDRS in use,
antennae configurations); discrepancies in
telemetry rate or format; inactive or non-locked
links; and degrading or critical signal strength
situations (Perkins & Truszkowski, 1990).

CLEAR operates on any of the seven
PC/AT-class workstations that are used for
console operations in the POCC. It is written in
the 'C’ language and uses the 'C’' Language
Integrated Production System (CLIPS) and a
custom-developed graphics library.

The CLEAR Expert System has supported the
COBE Flight Operations Team since launch in
November 1989, It is used to monitor nearly all
of the TDRS supports (COBE occasionally
communicates directly to the Wallops ground
station) and is regarded as the fault-isolation
“expert” for the COBE/TDRS telecommunica-
tions link. CLEAR represents a successful
attempt to automate a control center function
using an expert system. Several other missions
have requested to use it and, at the time of this
writing, efforts are underway to adapt it to
support the Gamma Ray Observatory mission
which is scheduled for launch aboard the shuttle
in Spring 1991.

Lessons Learned

Several important lessons have been learned
from the experience gained in developing and
operating CLEAR. Key lessons have also been
learned from other monitoring and fault
isolation expert systems developed recently at
GSFC, including the Ranging Equipment
Diagnostic Expert System (REDEX) (Luczak, et.
al., 1989), and other systems. These lessons
learned have strongly influenced the definition

of GenSAA.

* Production rules effectively represent
analysts’ knowledge for automating
fault-isolation in spacecraft operation. The
rule-based method of knowledge representation
has proven to be quite powerful for
fault-isolation in  spacecraft  operations.
Production rules provide a direct method of
encoding the fault-isolation knowledge of
spacecraft analysts; the if-then structure closely
parallels the stimulus-response behavior that
they develop through extensive training. This
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knowledge can be translated smoothly into rule
form. The development of CLEAR would have
taken much longer wusing conventional,
non-rule-based programming techniques.

* Knowledge engineering is an iterative,
time-consuming process. Early in CLEAR'’s
development, the primary concern was the
perceived difficulty of the knowledge acquisition
effort. However, the knowledge engineering
task was found to be relatively straightforward,
albeit time-consuming. The development of the
rule base was a lengthy process due to the
interactive nature of the knowledge acquisition.
Basically, the expert would describe a specific
piece of knowledge to the “knowledge engineer”
who would attempt to transcribe it into a rule
and pass it back to the expert for validation.
When the rule accurately represented the piece
of knowledge (which usually took multiple
iterations between the expert and the knowledge
engineer), it was passed to the test team for
formal testing, and then, finally, released for
operational use.

The involvement of various players in this
process resulted in long turnaround times from
the point at which a piece of knowledge was
determined to be important until it was
translated into a rule and placed into operation.

¢ Allow the domain expert to participate in
the rule formation. The CLEAR development
team learned that the knowledge structure of
the fault-isolation process employed by the
FOAs is shallow (i.e. the identification of a
problem generally does not rely on the
identification of other subproblems, and so on).

" Most of the problems identified by the analysts

were discrete problems that seldom overlapped
other problems. Conflicts between rules were
minimal; this simplified testing, verification,
and validation of the rulebase.

The participation of the analyst in knowledge
acquisition and __translation has many
advantages. First, it can reduce the knowledge
translation time and, more importantly, reduce
knowledge translation errors that occur when a
knowledge engineer formulates rules based on
the knowledge extracted from documentation or
interviews with the domain expert. Second, the
verification and validation of the knowledge will
be facilitated since the expert will better



comprehend the rulebase. Third, the in-depth
understanding of the knowledge base and its
capabilities is likely to result in a higher degree
of user confidence in the system thereby
ensuring user acceptance.

» Expect to fine-tune the expert system
after it becomes operational. For CLEAR,
the rule-based method of knowledge
representation has provided the flexibility to
easily adapt the knowledge base to unforeseen
changes in the operational behavior of the
spacecraft. For example, even though the
operational nature of COBE was fairly
accurately understood by the design engineers
and flight operations team before the launch,
slight behavioral variations and complications
arose once the spacecraft was in orbit. Although
the FOAs were able to adjust to such variations
quickly, some of the ground systems required
complex software modifications. However, the
changes required to CLEAR’s rule-base were
simple and quickly implemented. After
modification, CLEAR provided consistent
operational assistance. It is important to
provide the capability to modify an operational
expert system in a controlled, yet straightfor-
ward way.

e Don’t underestimate the integration
process. One of the most valuable lessons
learned is that while prototypes can often be
developed rapidly, operational expert systems
require considerable effort. A major factor in
this effort is the difficulty of interfacing the
expert system to the data source.

The CLEAR development team learned that
most of the development time for the operational
system was spent on issues not directly related
to the construction of the knowledge base. A
surprising amount of effort focused on the
integration of the expert system with the data
source and graphics display system. This
required in-depth programming knowledge of
the interfacing systems and the ability to
troubleshoot problems within them. Provide
tools to simplify the complicated task of
integrating the expert system with the interfac-
ing systems and, if possible, reuse any interface
code developed for a similar (expert) system.

s Don’t neglect the user-interface. The
human-computer interface is frequently the
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most underdeveloped component of an expert
system. An effective user interface is inviting,
comprehensible, credible, and simple to operate.
To make it inviting, simplify the display layout
and present only that information needed to
efficiently perform the task. Graphics can
greatly enhance the visual communications of a
system; capitalize on their expressive power to
provide system output that can be assimilated
quickly and accurately.

The following lessons are also related to the use
of graphical user interfaces:

- Use colors prudently and consistently.
Although often misused, colors are valuable for
emphasizing or coding information. Use them
sparingly and in a manner consistent with other
systems or conventions employed in the targeted
operational environment.

- Include a graphical user-interface (even
in the first expert system prototype.)
CLEAR utilized a graphical user interface in the
initial prototype to demonstrate the capabilities
of the proposed expert system; this elicited
valuable feedback from the expert and other
FOAs. In contrast, a non-graphical
user-interface was used in the initial REDEX
prototype; as a result, user interest and
feedback was limited early in the project

- Use an object-oriented diagram editor to
ease diagram creation and maintenance.
Ideally, the diagram editor should enable
diagram objects to be easily associated with
status values and fault conditions inferred by
the expert system. In the REDEX project, a
diagram editor with only limited capability was
used, and as a result, significant effort was
required to construct and modify diagrams.

» Use block diagram displays to graphical-
ly illustrate the system being monitored.
Users have responded very positively to the use
of schematic displays that graphically show
monitored system status and fault locations.
Analysts and technicians usually learn about
the systems they monitor by studying system
block diagrams in training classes and reference
manuals. By using similar block diagram
displays, a monitoring expert system can
present status to the user in a familiar and
intuitive format. Color coding of status



conditions on such displays has been found to be
an effective way to present succinct status
summaries. For example, REDEX users have
been enthusiastic about the color block and
layout diagrams in that expert system; over 35
diagrams graphically depict the functional and
physical structure of the equipment being
diagnosed.

e Make the system easy to operate.
Operation of the expert system should be simple
enough that the user can concentrate on the
problem, not on how to operate the system. The
following techniques were applied in CLEAR
and REDEX to simplify operation:

- Reduce user input to a minimum. CLEAR
operates in a highly autonomous mode; no user
input is required after system initialization.
CLEAR has been well-accepted by its users,
partially because it operates as an independent
intelligent assistant, allowing the spacecraft
analyst to focus on other responsibilities during
real-time satellite contacts.

— TUse hypertext and hypergraphic
techniques. These techniques (Bielawski &
Lewand, 1991) enable the expert system user to
quickly select and display desired diagrams by
clicking on link buttons that appear on’ each
diagram. Links can be used to create diagram
hierarchies, off-page connections, diagram
sequences, and other structures. REDEX uses
these techniques to enable users to navigate
through a set of several dozen graphical display
pages; they find the approach intuitive and easy
to use.

These lessons learned have all influenced the
definition and development of GenSAA.

GenSAA
Overview

GenSAA is an advanced tool that will enable
spacecraft analysts to rapidly build simple
real-time expert systems that perform
spacecraft monitoring and fault isolation
functions. Expert systems built using GenSAA
will assist spacecraft analysts during real-time
operations in spacecraft control centers.

542

Use of GenSAA will reduce the development
time and cost for new expert system applications
in this domain. GenSAA will allow major expert
system software functions and portions of
knowledge bases to be reused from mission to
mission.

GenSAA has the following primary characteris-
tics:

e Easily used — The process for developing
specific expert system applications using
GenSAA will be straightforward enough that it
can be performed by trained spacecraft analysts
on the flight operations team.

¢ Rule-based — GenSAA will support the use
of rules to represent spacecraft and payload
monitoring and fault isolation knowledge.
Rule-based representations are easily learned
and can be used to describe many of the
reasoning processes used by spacecraft analysts.
(An object representation technique will be
included in a subsequent phase.)

¢ Highly graphical — The GenSAA operation-
al user interface will support both textual and
graphical presentations of health and status
information and fault isolation conclusions.
Hypertext and hypergraphic techniques will be
supported to simplify operational interaction
with GenSAA expert systems.

* Transparently interfaced with TPOCC —
GenSAA will be used to create expert system
applications that will support analysts in
spacecraft control centers that use the new
Transportable Payload Operations Control
Center (TPOCC) architecture. TPOCC is a new
Unix-based control center system architecture
that will be used on many new spacecraft
missions at GSFC. GenSAA will be adaptable to
also support non-TPOCC data interfaces.

GenSAA is being defined and prototyped by the
Automation Technology section (Code 522.3) of
the Data Systems Technology Division at GSFC.
A system and operations concept has been
defined (Hughes & Luczak, March 1990), and a
multi-phase prototype effort is underway
(Hughes & Luczak, August 1990).



GenSAA Architecture

GenSAA is a shell, or software framework for
developing spacecraft control center expert
systems. It is analogous to many commercial
expert system shells because it facilitates the
development of specific expert system
applications. However, GenSAA is tailored to
the specific requirements of spacecraft analyst
assistant expert systems in TPOCC control
centers. GenSAA therefore shares many of
TPOCC’s architectural features.

The TPOCC architecture is based on distributed
processing, industry standards, and commercial
hardware and software components. It employs
the client/server model of distributed processing,
the Network File System (NFS) protocol for
transparent network access to files, and the X
Window System (X.11) with the Motif library
and window manager for the graphical operator
interface. A TPOCC configuration consists of a
small set of specialized front-end processors and
Unix-based workstations on an Ethernet
network using the TCP/IP network protocol.
GenSAA operates in this environment.

GenSAA allows spacecraft analysts to rapidly
create simple expert systems without having to
deal directly with the complicated details of the
systems with which the expert system must
interface. In addition, it will allow the expert
system developer to utilize and/or modify

previously developed rule bases and system
components, thus facilitating software reuse and
substantially reducing development time and
effort.

Figure 1 shows the six major elements of
GenSAA. They are divided into two sets: the
GenSAA Workbench and the GenSAA Runtime

Environment. These are described in the
sections below.
The GenSAA Workbench

The GenSAA Workbench is composed of three
utilities that enable a spacecraft analyst to
create a GenSAA application. A GenSAA
application is a specific expert system that
performs real-time monitoring and fault
isolation functions in a TPOCC spacecraft
control center.

A GenSAA application is created by defining the
application's runtime specificiations using the
GenSAA Workbench. Figure 2 illustrates that
these specifications, called Reusable Application
Components, together with the elements of the
GenSAA Runtime Components, comprise a
GenSAA Application.

The GenSAA Workbench utilities are as follows:

» Data Interface Development utility - This
utility is used to create the Data Interface

'GenSAA
WorkBench

GenSAA
Runtime

Components ,

Figure 1. The Elements of GenSAA
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Specification for a GenSAA application. The
Data Interface Specification defines three types
of data that are used by the GenSAA application
during real-time operations:

— Telemetry data — Telemetry data variables
represent real-time status of the monitored
spacecraft and related ground support systems.
(Telemetry variables are sometimes called
telemetry mnemonics.) Values for these
variables are received and updated during
spacecraft operation periods from the TPOCC
Data Server process, which is part of the
TPOCC software. Using the Data Interface
Development Utility, the GenSAA Workbench
user selects the telemetry variables needed for
the expert system being created from a list of all
the telemetry variables available from the
TPOCC Data Server. Values for only those
variables selected will be received by the expert
system during run-time.

— Configuration data - Configuration data
variables represent expected operating modes
and equipment configurations. For example, a
configuration variable might represent the
setting of a switch that determines which of two
redundant components is to be used. Values for
these variables are entered by the spacecraft
analyst during spacecraft operation periods.

— Inferred data - Inferred data variables
represent conclusions inferred by rules in the
rule base. For example, an inferred data
variable might represent the health or fault
status of a component in a spacecraft subsystem.
(The name of an inferred data variable together
with its current value is called an inferred fact.)
Values are assigned to these variables by actions
executed in the “then” part of rules that fire.

¢ Rule Base Dévélopinérit ﬁl-;ri'lity' - This

utility is used to create the rule base for a
GenSAA application. The rule base is a set of
expert system rules in “condition-action” (“if -
then”) format that may infer new facts based on
currently asserted facts. The inference engine
controls the firing of rules in the rule base
during execution of the GenSAA application.

During run-time, if all the conditions of a rule
are satisfied, then the rule fires and all its
actions are performed. Conditions can be

544

constructed using the telemetry, configuration,
and inferred data variables specified with the
Data Interface Development Utility. Actions
may include: asserting/retracting an inferred
fact, enabling/disabling a rule or ruleset,
performing a mathematical calculation, and
dlsplaymg text messages on the user interface.

e User Interface Development utlhty ThlS
utility is used to create the User Interface
Specification for a GenSAA application. The
User Interface Specification defines the user
interface panels and the layout and behavior of
the display items that comprise the operational
user interface of the GenSAA application. The
Workbench user can create a variety of display
items, including graphical icons, scrolling text
lists, and data-driven objects such as meters,
gauges, and simple strip charts. The display
designer constructs a panel by dragging display
items from a palette and placing them wherever
desired. Lines can be drawn using connector
items to create block diagram displays. The
Workbench user can associate each display item
with a telemetry, configuration, or inferred data
variable, and specify how changes in the value of
the variable will affect the presentation of the
item. Characteristics of an item presentation
that can change include its color, the icon
displayed, and the position of the dynamic
portion of a data-driven object. Simple drawing
capabilities are provided to allow the creation of
new graphical icons. Any display item can also
be specified to be a hypertext button; clicking on
such a button during run-time can cause an
informational pop-up window to appear, or
cause a new panel to be dlsplayed

Thg GenSAA Workbench utilities use a

graphical, point-and-select method of interaction

_to facilitate use. The utilities are also highly

inter- operab]e For example, when using the
Data Interface Development utility, the user
may select a given telemetry mnemonic to be
included in the Data Interface Specification.
Later, when using the Rule Base Development
utility, the user can easily access the Data
Interface Specification and to reference the
mnemonic in a condition of a rule. Similarly,
when using the User Interface Development
utility, the user can again easily access the Data
Interface  Specification when  associating
telemetry mnemonics with display objects.

[



In Figure 2, the outputs of the GenSAA
Workbench utilities are described as reusable
application components. These specifications
will be placed in a library so that they can be
reused in creating the specifications for new
GenSAA applications. Operations like cut and
paste will be available to allow portions of
previously created specifications to be used in
constructing a new specification.

GenSAA Runtime Environment

The elements of the GenSAA Runtime
Environment are called the GenSAA Runtime
Components; they are used without change in
each GenSAA application. They control the
operation of a GenSAA application during its
execution in a TPOCC control center. They read
the Data Interface Specification, Rule Base, and
User Interface Specification files to determine
the specific behavior of the GenSAA application.
Each of the GenSAA Runtime Components is
implemented as a separate Unix process; they
communicate with one another via shared
memory and message queues. Their functions
are as follows:

s Data Interface — This component requests

telemetry from the TPOCC Data Server, as
specified in the Data Interface Specification. It
reformats the real-time data it receives and
makes it available to the Inference Engine and
User Interface components. (It also exchanges
data with the GenSAA Data Server, as described
below in the section Multiple GenSAA
Applications.)

o Inference Engine - This component controls
the firing of rules in the rule base. A rule is
fired when all its conditions are satisfied; the
conditions will often involve the current values
of telemetry, configuration, and inferred data
variables. Inferred facts and messages may be
sent to the User Interface component and
displayed to the spacecraft analyst as defined in
the User Interface Specification. NASA's CLIPS
inference engine forms the core of this
component.

e User Interface - This component manages
the user interface of the GenSAA Application. It
displays user interface panels that contain both
text and graphics. Color is used to enhance the
display of state data. Data-driven display
objects are associated with telemetry values
received from the TPOCC data server and

GenSAA

" 'WorkBench -
Reusable

g Application
% Components
=
% GenSAA
% Runtime
1G] Components

Figure 2. Creating a GenSAA Application
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Figure 3. A GenSAA Expert System Application in operation

inferred facts and conclusions received from the
Inference Engine, In response to user inputs
that include hypertext button events, the User
Interface displays selected display panels, help
text, and other informational text. The user
interface panels, data-driven objects, and
interaction objects are defined in the User
Interface Specification that was generated by
the GenSAA User Interface Development utility.

Figure 3 shows a completed GenSAA expert
system application in operation. GenSAA expert

Multiple GenSAA Applications

GenSAA applications are intended to be
relatively simple expert systems with small rule
bases that are typically developed by a single
analyst. For example, a GenSAA application
might monitor and isolate faults for one
subsystem on board a spacecraft. To handle
more complex monitoring situations, involving
for example several spacecraft subsystems,
multiple GenSAA applications can be built and

executed concurrently. Each GenSAA

systems will run on Unix workstations using the  application would be allocated one portion of the

X Window System. The operational interface

with the spacecraft analyst will typically include ~_one another.” "~ o

objects (such as rotating meters, sliding bar
graphs, and toggle switches) that graphically
display the dynamic values of telemetry data,
configuration data, and inferred conditions. The
user interface will also typically contain
hypertext and hypergraphic links to make it
easy for the spacecraft analyst to quickly select
desired display panels. The GenSAA
Workbench supports the creation of these
interface features.

color block diagrams and animated data-driven -

monitoring task, and share key conclusions with

A fourth component of the GenSAA Runtime
Environment, the GenSAA Data Server, is used
to enable multiple GenSAA applications to
exchange data. As shown in Figure 4, the
GenSAA Data Server is a Unix process that can
receive a real-time stream of configuration and
inferred data variable updates from any
GenSAA application. The GenSAA Data Server
distributes the data to any GenSAA application
that has requested it. A given GenSAA

546



Application
#N

Figure 4. Sharing data among muitiple
GenSAA Applications

application only receives those variables it has
specifically requested. The data received by a
GenSAA application from the GenSAA Data
Server is called externally generated GenSAA
(EGG) data. A GenSAA application receives
EGG data via its Data Interface component in
exactly the same way as it receives telemetry
data from the TPOCC Data Server.

Within a GenSAA application, EGG data can be
used in the conditions of rules, and can be
associated with display items in exactly the
same way as telemetry, configuration, and
inferred data. The Workbench supports the
specification of EGG data as a fourth variable
type. The Workbench also allows any local
configuration or inferred data to be specified as
public, to cause it to be sent to the GenSAA Data
Server, and thereby shared with other GenSAA
applications.

Benefits of GenSAA

The following benefits are expected to be
realized by using GenSAA to build spacecraft
monitoring expert systems for future NASA
missions: :

* Assists the FOAs with data monitoring—
FOAs monitor real time data looking for
combinations of telemetry parameter values,
trends, and other indications that may signify a
problem with the satellite or its instruments.
The expert systems created with GenSAA will
assist the FOAs with the tedious task of data
monitoring and allow them to focus on other,
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higher-level responsibilities during real-time
contacts with the satellite. This, in turn, will
likely result in more efficient and effective
operations.

e Reduces development time and effort;
allows quicker response to necessary
modifications — The behavior of an orbiting
satellite is quite dynamic and occasionally
different than anticipated. To quickly create or
modify expert systems that can effectively
monitor satellites, tools are needed that allow
analysts to formulate rulebases easily without
the intervention or delay of knowledge engineers
and programmers. Several benefits are expected
by eliminating these traditional developers.
Analysts will be able to create rules quickly in
response to unforeseen changes in spacecraft
behavior or operational procedures. Also,
knowledge translation errors will be reduced or,
at least, more easily corrected. Knowledge
translation errors are errors which are
inadvertently introduced during the process of
translating a piece of expert knowledge into rule
form.

¢ Serves as a training tool — In addition to
assisting the FOAs with real-time spacecraft
operations, GenSAA will be useful as a training
tool in two ways. First, by utilizing the playback
utilities provided by TPOCC, analysts will be
able to replay a previous spacecraft communica-

tions event. Thus, a student analyst can observe

how the expert system handles a specific
problem scenario. Exercises like this will
provide a realistic, hands-on environment for
training FOAs in a safe, off-line mode. Second,
experience from previous expert system projects
indicates that the development of rules used in
an expert system is a beneficial mental training
exercise for the FOA. When FOAs create rules
themselves, they must consider alternatives
more closely and may therefore develop a deeper
understanding of the problem domain. This
approach may enable more effective fault
isolation methods to be identified.

» Protects against loss of expertise —
Another benefit of automating fault-isolation
tasks with rule-based systems is that the
resulting rulebase serves as  accurate
documentation of the fault-isolation method. The
rulebase can be studied by student analysts to



learn about fault-isolation techniques. Even
more importantly, mission operations can be
better protected against the effects of personnel
turnovers. POCC expert systems that capture
fault-isolation knowledge preserve expertise
from mission to mission and mitigate the impact
of the loss of experienced FOAs,

GenSAA is well suited for use on spacecraft
projects that involve a series of similar but
nonidentical missions such as NASA’s Small
Explorer (SMEX) and International Solar-
Terrestrial Physics (ISTP) programs.

Conclusion

As satellites become more complex, their
operation is becoming increasingly difficult.
FOAs who are responsible for the command,
control, health, and safety of these spacecraft
must monitor increasing volumes of data, and
are quickly reaching a level of information
saturation. As demonstrated by the CLEAR
Expert System, fault-isolation expert systems
can help FOAs monitor the flood of data. Expert
systems can accurately monitor hundreds of
real-time  telemetry parameters, isolate
discrepancies and anomalies the instant they
can be detected, and alert the analysts and
provide advice on how to correct problems
swiftly and effectively. Unfortunately,
development of these systems is often time
consuming and costly moreover, they often
cannot be easily reused for other missions.

Consequently, GenSAA is being developed for
use by the FOAs who work in satellite control
centers, GenSAA is designed to enable
fault-isolation expert systems to be developed
quickly and easily, and without the delay or
costs of knowledge engineers and programmers.
By facilitating the reuse of expert system
elements from mission to mission, GenSAA will
reduce development costs, preserve expertise
between missions and during periods of
personnel turnover, and provide more effective
spacecraft monitoring capabilities on future
missions.
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